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ABSTRACT 

Emission  angles  for  both  coherent  and  incoherent 
transition  radiation  in  the  soft  x-ray  region  were  measured. 
The  results  clearly  show  that  coherent  transition  radiation 
produces  larger  emission  angles  at  high  beam  energies  than 
does  incoherent  radiation.  These  results  allow  the 
possibility  of  using  coherent  transition  radiation  to 
measure  higher  electron  beam  energies  than  are  possible 
using  incoherent  radiation  approximations.  The  measured 
emission  angle  magnitudes  are  compared  to  theoretical  values 
obtained  using  computer  simulation.  Differences  are  noted 
and  possible  sources  of  error  are  cited. 


I 


TABLE  OF  CONTENTS 

I.  INTRODUCTION  7 

A.  BACKGROUND 7 

B.  PURPOSE 8 

C.  PREVIOUS  EXPERIMENTS  AT  NPS 8 

II.  THEORY 10 

A.  THEORETICAL  DEVELOPMENT  10 

B.  COMPUTER  SIMULATION  15 

III.  THE  EXPERIMENT 18 

A.  EXPERIMENTAL  SETUP  18 

B.  PROCEDURE 20 

IV.  RESULTS 25 

A.  EXPERIMENTAL  RESULTS  25 

1.  Correction  Factor  from  the 

Timing  Method  27 

2 .  Comparison  with  Incoherent 

Radiation  Method  28 

B.  ADDITIONAL  SOURCES  OF  ERROR  30 

V.  CONCLUSIONS 32 

A.  CONCLUSIONS 32 

B.  RECOMMENDATIONS  FOR  FUTURE  EXPERIMENTS  3  2 

APPENDIX  A:   NPS  LINEAR  ACCELERATOR  34 

APPENDIX  B:   HAMAMATSU  LINEAR  IMAGE  SENSOR  36 

APPENDIX  C:   TARGET  STACK  CONSTRUCTION  39 

APPENDIX  D:   COMPUTER  SIMULATION  41 


LIST  OF  REFERENCES : 43 

INITIAL  DISTRIBUTION  LIST  45 


ACKNOWLEDGEMENTS 

I  express  my  thanks  to  my  thesis  advisor,  Professor  J.R. 
Neighbours,  and  especially  to  my  second  reader,  Professor 
Xavier  Maruyama,  for  their  assistance  in  completing  this 
thesis.  I  also  want  to  thank  Dr.  M.A.  Piestrup  for  his 
suggestions  and  assistance  and  Mr.  D.  Snyder  for  the 
operation  of  the  LINAC.  Finally,  a  very  special  thank  you 
to  my  wife,  Nancy,  and  my  sons  for  their  patience  and 
cooperation. 


I.   INTRODUCTION 

A.   BACKGROUND 

The  existence  of  transition  radiation  was  first 
predicted  by  V.L.  Ginsburg  and  I.M.  Frank  in  1945  while  the 
two  were  studying  Cerenkov  radiation  [Ref.  l:pp.  353-362]. 
They  noted  the  existence  of  radiation  when  conditions  for 
Cerenkov  radiation,  including  having  electron  velocity 
greater  than  the  speed  of  light,  were  not  met.  The 
radiation  occurring  when  a  charged  particle  transits  two 
media  of  differing  dielectric  constants  is  thus  called 
transition  radiation.  Experimental  observation  of 
transition  radiation  was  delayed  because  the  radiation  yield 
produced  by  a  single  dielectric  pair  interface  is  very 
small . 

G.M.  Garibyan  caused  a  revival  of  interest  in  transition 
radiation  in  1958  when  he  predicted  that  the  energy  of  a 
moving  particle  was  proportional  to  the  total  transition 
radiation  yield.  M.L.  Cherry  et  al.  demonstrated  the 
coherent  addition  of  radiation  from  multiple  foil  stacks  and 
the  use  of  transition  radiation  as  a  particle  beam  detector 
[Ref.  2:p.  3594]. 

Use  of  transition  radiation  to  measure  the  energy  of 
electrons  in  early  studies  was  restricted  by  the  absorption 
of  the  x-rays  by  multiple  dielectric  foil  stacks.   The  high 


degree  of  absorption  restricted  the  radiation  measured  to 
the  hard  x-ray  region  [Ref.  2:p.  3594].  More  recently,  thin 
foil  stacks  allow  measurements  in  the  soft  x-ray  region  (1 
keV  to  3  keV)  [Refs.  3:p.  1771;  4:p.  1223]. 

B.  PURPOSE 

The  energy  of  a  beam  of  charged  particles  passing 
through  a  foil  stack  is  proportional  to  the  energy  and 
inversely  proportional  to  the  spread  of  the  emitted  photons. 
Past  experiments  have  shown  that  the  incident  particle  beam 
energy  can  be  found  from  the  emission  angle  of  incoherent 
transition  radiation  using  the  approximation  9  =  1/Y.  This, 
however,  limits  the  maximum  value  of  measurable  beam  energy 
because  of  the  precision  required  to  measure  small  emission 
angles.  The  purpose  of  this  report  is  to  show  that  at  high 
beam  energies  coherent  transition  radiation  can  produce 
significantly  larger  angles  of  emission  than  incoherent 
radiation.  Coherent  radiation  could  thus  be  used  to  measure 
higher  incident  beam  energies. 

C.  PREVIOUS  EXPERIMENTS  AT  NPS 

Two  recent  experiments  involving  transition  radiation 
have  been  conducted  at  NPS.  Both  efforts  were  completed  in 
December  1986.  Yoon  Seog  Koo  measured  the  differential 
production  efficiencies  from  foil  stack  materials  for  a  65 
MeV  electron-beam.  This  involved  the  prediction  and 
measurement  of  emission  cones  and  the  manufacture  of  foil 


stacks  similar  to  those  used  in  this  experiment  [Ref.  5:p. 
3].  Yim  Chang-Ho  used  measurements  of  the  emitted  x-ray 
cones  to  predict  the  energy  of  an  incident  electron  beam. 
His  work  concentrated  on  radiation  emitted  from  incoherent 
foil  stacks  [Ref.  6:p.  3].  Information  gained  from  each  of 
these  experiments  was  used  in  the  development  of  measurement 
techniques  for  this  experiment. 


II.   THEORY 

A.   THEORETICAL  DEVELOPMENT 

Transition  radiation  is  electromagnetic  radiation  which 
is  emitted  when  a  moving  particle  travels  from  one  medium  to 
another  medium  with  a  different  dielectric  constant.  Unlike 
Cerenkov  radiation,  transition  radiation  does  not  require 
the  particle  to  be  traveling  at  a  speed  greater  than  the 
speed  of  light  in  the  medium.  Transition  radiation  is 
emitted  in  the  form  of  concentric  cones  whose  angle  of 
emission  is  dependent  on  the  energy  of  the  moving  particle 
(see  Figure  2.1). 

Transition  radiation  requires  a  sudden  change  in  the 
dielectric  constant  and  can  occur  only  over  a  limited 
distance.  The  minimum  distance  over  which  it  can  occur  is 
called  the  formation  length,  and  is  given  by  [Ref.  2:pp. 
3695-3596] : 

Zi   ~  2   1/2  C1' 

(l-(£i-sinze) w    ) 

where  for  x-rays  e^  (i  =  1,2)  =  1  -  (wi/w)2  are  the 
permittivities  of  the  two  media,  cgj_  are  the  media  plasma 
frequencies,  (3  =  v/c,  v  is  the  particle  speed,  c  is  the 
speed  of  light,  and  9  is  the  emission  angle.  For  near- 
relativistic  electrons,  3  ~  1.   In  addition,   the   emission 
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FOIL   STACK 


ELECTRON  BEAM 


Figure  2.1 


Transition  Radiation  is  Emitted  as 
Concentric  Cones.   The  Magnitude  of 
Emission  Angle  Depends  on  the  Initial 
Energy  of  the  Electron  Beam. 
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angle  is  very  small,  so  one  can-  approximate  sin  8  ~  8. 
Using  y  =  (1-62)"1/2  and  considering  only  the  first  term  of 
the  binomial  expansion  such  that  1/y2  =  2(1-3),  equation  (1) 
becomes 

Li  t 5 j  \z) 

(1/Y)   +  9   +  (co./w) 

where  *  =  (wavelength) /2  tt.   [Ref.  3:p.  1772] 

The  differential  cross  section  for  transition  radiation 
production  per  frequency  per  unit  solid  angle  is  given  by: 


d  N(uj)   =   F  *F  *F   ,  (3) 

dftdio        12   3' 


where  N(co)  is  the  transition  radiation  photon  number  and  w 
is  the  angular  frequency  [Refs.  4:p.  1224;  7:p.  485]. 

The  first  factor,  F^,  is  the  intensity  of  radiation 
produced  per  unit  frequency  and  per  unit  solid  angle  from 
one  electron  crossing  a  single  interface  and  is  given  by 
[Ref.  2:p.  3595]: 


Fi   =  ao)sin*8(       }2  ^  (4) 

16tt  c 


where  a  =  (1/137)  is  the  fine  structure  constant.   Again, 
one  can  approximate  sin  8  "*  8,  so  the  equation  becomes: 


16tt  c 
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The  second  factor,  F2 ,  accounts  for  the  coherent 
superposition  of  radiation  from  the  two  surfaces  of  the 
foil.  If  one  ignores  the  incoherent  effects  of  electron 
collisions  within  the  foil  and  also  the  photon  attenuation 
through  the  foil,  this  factor  is  approximately 

F2   =   4  sin2(l2/Z2)  (6) 

where  12  is  the  thickness  of  the  foil  [Refs.  5: p.  486;  6:p. 
487].  This  term  is  maximized  when  (12/Z2)  =  (m  -  1/2)  tt  , 
where  m  is  an  integer. 

The  third  multiplying  factor,  F3 ,  is  necessary  to 
account  for  the  combined  contributions  of  several  foils  in  a 
stack  and  the  attenuation  of  x-rays  traversing  the  stack. 
For  "M"  foils,  this  factor  is  given  by: 


1  +  exp(-Ma)  -  2exp(-Mg/2)cos(2MX) 
F3=  ■  "  (7) 

1  +  exp(-o)  - 2exp(a/2)cos (2X) 


where  a  =  (u^l^  +  u2l2)  and  u^  2  is  the  absorption 
coefficient  of  the  mediums  1  and  2,  and  X  =  (li/Z^  +  12/Z2) 
[Ref.  5:p.  483].  For  vacuum  spacing  between  foils,  u^  =  0. 
For  high  photon  energies,  x-ray  absorption  is  negligible  so 
that  a  -   0.   Then  one  can  approximate 


1+1  -2cos(2MX)      sin2 (MX) 


1  +  1  -2cos(2X)        sin2x 


(8) 
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In  order  to  obtain  coherent  addition  of  radiation  from  all 
surfaces,  X  =  ttt  ,  where  r  is  an  integer.  By  taking  the 
limit  as  X  ->  rrr  and  using  L'Hopital's  Rule,  the  maximum 
value  of  F(M,X)  is  found  to  be: 

. .    sin (MX)      , .    M  cos (MX) 

lim  ! 7TTT =  lllTl  ^777 — -  =  M       . 

sin (X)  cos (X) 

x^-rTT  x^ru 

Combining  all  three  terms,  the  maximum  value  of  radiation 
intensity  in  equation  (3)  is  therefore 

d  N    =   2^9 (Z   -Z  )24M2  (9) 

lbTT  C 

Replacing  the  expressions  for  Z^  (equation  (2))  in  the 
resonance  condition  X  =  rir,  the  resonance  condition  for 
transition  radiation  may  be  written  as: 

1   +  1 
cos(6r)   =   ± 1 (i/3  -rx/(l1+l2))  ,      (10) 

where  9r  is  the  emission  angle  at  resonance  [Refs.  8:p.  266; 
9:p.  269].  For  small  emission  angles,  this  equation  can  be 
approximated  as: 


2rA     1       ,    v2 

j 
o 


-j  -  (oo^/co)   ,  (11) 

Y 


2  2  2 

where    coQ    =     (w1l1    +     co2l2)/(ll    +    I2)     and    ^    =    ^-1    +    12     [Ref« 

8:p.   272].     Note   that   the   angle   of   emission   can   be 
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significantly  greater  than  (1/y)  at  high  energies  and 
co  >>  loq.  For  incoherent  transition  radiation,  the  angle  of 
emission  is  proportional  to  (1/y).  Thus  at  high  energies, 
incoherent  radiation  becomes  unable  to  distinguish  beam 
energies. 

B.   COMPUTER  SIMULATION 

Eguation  (10)  provides  a  method  for  calculating  the 
angle  of  emission  from  coherent  transition  radiation.  This 
eguation,  however,  provides  the  angle  as  a  function  of  the 
material  mode  number,  "r",  and  the  photon  wavelength,  "A". 
To  predict  the  overall  emission  angles,  a  computer  program 
was  generated  to  sum  the  6r  values  over  many  mode  numbers. 
The  program,  generated  by  Adelphi  Technologies,  Inc. , 
calculates  the  value  of  each  term  in  the  eguation  for  many 
modal  values  [Ref.  8].  The  resultant  summation  plotted 
photon  flux  versus  emission  angle.  The  peaks  in  photon  flux 
occur  at  the  locations  of  the  emission  cone.  The  computer 
program  allowed  varying  each  parameter  of  the  equation, 
aiding  the  analysis  of  experimental  results. 

Figure  2.2  shows  the  output  for  a  series  of  electron 
beam  energies.  An  especially  noteworthy  result  of  the 
simulation  is  the  increasing  angle  of  emission  as  electron 
beam  energy  increases.  The  emission  angle  for  incoherent 
radiation  decreases  as  beam  energy  increases.  This  result, 
although  not  completely  understood,  was  confirmed  by  the 
experiment.   This  particular  graph  was  made  using  the   same 
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4        6 
Angle  (mr) 


Figure  2.2 


Emission  Angles  for  Coherent  Radiation  at 
Various  Electron  Beam  Energies.   For  a  Set 
of  Fixed  Target  Parameters,  the  Emission 
Angle  Reaches  a  Maximum  at  High  Energies. 
Varying  the  Parameters  of  the  Target  Stack 
Could  Provide  a  Larger  Spread  in  Angle 
Magnitudes  at  These  Energies. 
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target  parameters  as  the  actual  experiment:  8  foils,  3.5  pm 
foil  thickness,  8.5  \m  interfoil  separation.  A  plasma 
frequency  corresponding  to  energy  of  24.1  eV  was  assumed 
throughout  the  program  for  mylar  foils.  Additional 
information  on  the  choice  of  parameters  in  the  program  and 
the  method  of  calculation  is  contained  in  Appendix  D. 

The  program  analyzes  a  range  of  photon  energies  from  0.1 
keV  to  4.0  keV,  the  range  of  the  soft  x-ray  spectrum.  (This 
range  provides  the  values  of  X  in  equation  (10).)  The 
program  performs  a  summation  over  the  range  of  integer 
values  of  r  which  yields  a  real  value  for  6r  when  used  in 
equation  (10).  The  electron  energies  chosen  correspond  to 
the  electron  beam  energy  levels  most  reliably  obtained  in 
the  experiment.  This  graph  was  used  to  calculate  the 
predicted  emission  angle  values  shown  in  Chapter  IV. 
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III.   THE  EXPERIMENT 


A.   EXPERIMENTAL  SETUP 

The  experiment  was  performed  using  the  electron  linear 
accelerator  (LINAC)  at  the  Naval  Postgraduate  School  (NPS) . 
Detailed  information  on  the  LINAC  can  be  found  in  Appendix 
A.  A  diagram  of  the  experimental  apparatus  used  for 
production  and  detection  of  x-rays  is  shown  in  Figure  3.1. 
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Figure  3.1   Diagram  of  the  NPS  LINAC 
Experimental  Apparatus 
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Electrons  exit  the  LINAC  and  strike  the  mylar  foil  stack 
in  the  vacuum  chamber.  The  dump  magnet  allows  the  photons 
created  to  pass  unhindered,  but  deflects  the  incident 
electron  beam.  The  electron  beam  must  be  deflected  from  the 
detector  since  its  high  energy  could  cause  permanent 
catastrophic  damage  to  the  detector,  as  well  as  bias 
results.  The  electron  beam  then  passes  through  a  scintilla- 
tion detector  and  into  a  beam  dump. 

The  photons  which  passed  through  the  dump  magnet  entered 
a  detection  chamber  which  contained  a  HAMAMATSU  Linear  Image 
Sensor.  This  sensor  is  a  linear  array  of  512  photodiodes 
placed  side  by  side  in  a  continuous  line.  Additional 
information  on  the  sensor  can  be  found  in  Appendix  B. 
Detector  output  was  directed  to  both  an  oscilloscope  and  a 
properly  interfaced  computer  monitor.  The  size  of  the 
HAMAMATSU  sensor  allowed  detection  and  measurement  of  the 
primary  cones  on  either  side  of  the  initial  beam  axis. 
Measuring  the  physical  separation  of  the  output  peaks 
corresponded  to  measuring  the  emission  angle  of  the 
radiation.  The  detector  could  be  raised  into  a  shielded 
housing,  protecting  it  from  extraneous  radiation  when  not 
actually  required  for  the  experiment. 

The  vacuum  chamber  contained  a  fluorescent  screen  and 
three  target  foil  stacks  connected  on  a  movable  column.  The 
foil  stacks  included  an  eight  foil  coherent  stack,  an  eight 
foil   incoherent   stack,   and   a   single   foil   with   mylar 
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thickness  equivalent  to  that  of  the-  other  stacks.  Details 
on  construction  of  the  coherent  target  stack  are  contained 
in  Appendix  C.  A  remotely  controllable  worm  screw  motor 
allowed  positioning  either  the  screen  or  the  desired  target 
in  the  beam  path.  The  target  stacks  could  also  be  rotated 
to  allow  varying  the  angle  of  incidence  of  the  electron 
beam.  The  fluorescent  screen  could  be  positioned  in  the 
beam  path  to  allow  aligning  and  focussing  the  electron  beam. 

B.   PROCEDURE 

Each  run  of  the  experiment  began  with  the  detector  in 
the  stowed  (protected)  position  and  the  fluorescent  screen 
in  the  electron  beam  path.  The  beam  could  then  be  focussed 
and  aligned  without  damaging  the  detector.  When  the 
electron  beam  was  correctly  positioned,  the  dump  magnet  was 
turned  on  to  deflect  the  electrons  from  the  sensitive 
detector.  Then  the  detector  was  lowered  to  the  expected 
geometric  center  of  the  transition  radiation  cone.  The 
incoherent  stack  was  then  lowered  into  the  beam  path  and  the 
output  of  detected  radiation  observed  on  the  oscilloscope. 
The  electron  beam  was  then  repositioned  as  necessary  to 
center  the  transition  radiation  cone  on  the  detector  device. 
Due  to  the  small  magnitude  of  lateral  adjustments  with 
respect  to  the  distance  from  the  target  to  the  detector, 
repositioning  the  beam  was  assumed  to  cause  no  change  in  the 
incident  angle.  The  output  of  a  properly  positioned  beam 
was  characterized  by  easily  discernible  radiation  output 
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peaks  and  a  clearly  defined  valley-,  which  corresponded  to 
the  axis  of  the  electron  beam  (see  Figures  3.1  and  3.2). 
When  the  beam  was  properly  positioned,  it  was  "tuned"  by  the 
LINAC  operator  to  maximize  clarity  of  the  peaks  and 
stabilize  the  output.  (The  frequent  switching  on  and  off  of 
large  electrical  loads  near  the  LINAC  and  the  accompanying 
power  surges  made  it  difficult  to  maintain  a  steady  electron 
beam.)  When  all  adjustments  were  completed,  photographs  of 
the  oscilloscope  display  were  made  (see  Figure  3.3).  The 
coherent  beam  was  then  rapidly  placed  in  the  electron  beam 
path  and  its  output  photographed  without  repositioning  the 
beam.  When  a  satisfactory  set  of  photographs  was  obtained, 
the  energy  of  the  electron  beam  was  shifted  and  the  process 
was  repeated.  Because  of  fluctuations  in  beam  intensity,  it 
was  often  necessary  to  make  several  runs  at  a  single  energy 
before  acceptable  results  were  obtained. 

Additional  sets  of  experiments  were  run  with  the  target 
stacks  rotated  at  various  angles.  These  rotations  changed 
the  effective  foil  thicknesses  and  spacings  to: 

ll,2   =   li,2/cos6 

where  1^  2  i-s  tne  actual  foil  thickness  and  spacing,  and 
9  is  the  angle  between  the  electron  beam  and  the  normal  to 
the  foil  surface. 
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Figure  3.1 


The  Beam  Axis  (at  the  Valley)  and  the  Peaks 
from  Both  Sides  of  the  Emission  Cone  are 
Clearly  Displayed  on  this  Radiation  Pattern 
from  a  96  MeV  Electron  Beam  Through  the 
Incoherent  Stack. 


Figure  3.2 


A  Larger  Emission  Angle  Prevents  both  Peaks 
from  Being  Shown  on  this  Radiation  Pattern 
from  a  94  MeV  Trace  Through  the  Coherent 
Stack.   The  Beam  was  Shifted  to  Display  the 
Valley  and  One  Peak. 
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Figure  3.3   The  Relationship  between  the  Emission 
Cone  and  Oscilloscope  Display  is  Shown 
Notice  the  Well  Positioned  Beam. 


23 


The  magnitude  of  emission  angles  could  be  calculated  by 
measuring  the  peak  to  peak  separation  for  each  energy  level. 
This  spread  was  compared  to  the  total  spread  of  the  output 
on  the  oscilloscope,  which  was  assumed  to  correspond  to  the 
full  width  of  the  photodiode  array.  Since  this  width  was 
known  and  the  distance  from  the  target  stack  to  the  detector 
was  also  known,  simple  geometry  could  be  applied  to  find  the 
emission  angles.  For  example,  using  a  detector  width  of  2.5 
cm  and  a  target  stack  to  detector  distance  of  150  cm,  a  peak 
to  peak  spread  of  6  units  on  a  total  display  spread  of  9 
units  yields  an  emission  angle  of 

9r   =   (1/2) (6/9) (2.5  cm/150  cm)   =   5.5  mrad  . 

(Note  that  the  total  peak  to  peak  spread  gives  twice  the 
emission  angle,  hence  a  factor  of  1/2  must  be  applied.) 
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IV.   RESULTS 

A.   EXPERIMENTAL  RESULTS 

Figure  4.1  provides  a  comparison  of  coherent  and 
incoherent  transition  radiation  emission  patterns.  The 
figures  are  photographs  of  the  oscilloscope  display  and  show 
the  intensity  of  radiation  received  by  the  photodiode  array 
versus  the  location  on  the  array.  These  comparisons  clearly 
show  the  different  angle  of  emission  for  coherent  transition 
radiation  which  was  predicted  by  equation  (11) . 

Measurements  of  the  emission  angle  for  coherent 
transition  radiation  yielded  the  values  shown  in  Table  4.1 
below.  The  calculated  values  differ  widely  from  the  values 
predicted  by  the  theory  (Figure  2.2).  An  investigation  to 
find  the  reason  for  the  disparity  revealed  an  error  in  the 
electrical  connection  of  the  photodiode  array  which   caused 

TABLE  4.1 

COMPARISON  OF  MEASURED  COHERENT  AND  INCOHERENT 
EMISSION  ANGLES  (UNCORRECTED) 

Beam  Energy  (MeV)  Incoherent  9  (mrad)  Coherent  -r  (mrad) 

96.6  4.44  ±  0.6              5.47  ±  0.4 

94.0  4.01  ±  0.4              6.90  ±  0.4 

84.0  4.90  ±  0.4              7.13  ±  0.4 

78.6  4.50  ±  0.4              5.97  ±  0.4 
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Figure  4 . 1 


A  Comparison  of  Emission  Angles  for 
Coherent  and  Incoherent  Radiation.   Note 
that  the  Larger  Peak  to  Peak  Spread  for 
Coherent  Radiation.   Also  Notice  that  the 
Spread  Increases  with  Increasing  Beam 
Energy  for  Coherent  Radiation,  but  Decreases 
for  Incoherent  Radiation.   (Horizontal 
Scales  are  Equal  for  All  Six  Cases.) 
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the  array  to  read  only  a  section  of  the  diodes  in  the  array. 
The  error  was  not  found  until  the  procedural  phase  of  the 
experiment  was  completed  and  the  LINAC  was  reconfigured  for 
a  different  project.  Because  of  the  error,  full  width  on 
the  oscilloscope  trace  did  not  correspond  to  the  full  width 
of  the  array.  To  make  the  results  obtained  from  the 
experiment  useful,  a  correction  factor  was  required.  This 
correction  factor  could  not  be  well  defined.  Two  approxima- 
tions of  the  correction  factor  are  described  below. 
1.   Correction  Factor  from  the  Timing  Method 

The  photodiode  array  is  clocked  at  a  rate  of  200 
kHz.  Four  complete  clock  cycles  are  required  to  read  each 
individual  diode,  or  a  total  of  2048  clock  cycles  to  read 
the  complete  array.  This  corresponds  to  a  period  of  10.24 
msec  for  the  array.  Photographs  of  the  array  output  on  the 
oscilloscope  display  indicated  a  period  of  just  8.8  msec. 
Assuming  all  diode  cells  are  equal  in  size,  this  yields  an 
effective  array  width  of  2.2  cm.  By  adjusting  the  data  to 
take  into  account  this  effective  array  width,  corrected 
emission  angle  values  were  calculated. 

The  results  obtained  using  this  correction  factor 
are  shown  in  Table  4.2.  Also  shown  are  the  predicted 
emission  angle  taken  from  Figure  2.2  and  the  variance 
between  the  two  sets  of  values.  This  correction  factor  was 
found  to  be  incomplete  by  comparing  theoretical   emission 
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TABLE  4.2  -  - 
CORRECTED  EMISSION  ANGLES  USING  THE  TIMING  METHOD 


Electron 
Beam 
Energy 
(MeV) 

Corrected 

Measured 

Incoherent 

Emission 

Angle 

(mrad) 

Corrected 
Measured 

(mrad) 

Theoretical 
Coherent 

er 
(mrad) * 

% 
Diff. 
in 

96.6 
94.0 
84.0 
78.6 

3.70  ±  0.6 
4. 18  ±  0.4 
4.41  ±  0.4 
4.59  ±  0.4 

5.62  ±  0.4 
7.78  ±  0.4 
6.36  ±  0.4 
6.73  ±  0.4 

5.44 
5.30 
4.59 

4.19 

IT 

3.3 
46.8 
38.6 
60.6 

*Theoretical  coherent  emission  angle  values  obtained 
from  computer  simulation. 


angles  for  incoherent  radiation  (found  from  9  =  1/y)  with  the 
angles  obtained  from  the  adjusted  data. 

2 .   Comparison  with  Incoherent  Radiation  Method 

The  correction  factor  in  this  method  was  obtained 
after  analyzing  several  runs  of  incoherent  transition 
radiation.  Assuming  that  the  &^  =  (1/Y)  approximations  held 
for  this  experiment  and  using  the  same  relationships  between 
emission  angle  and  peak-to-peak  separation  on  the 
oscilloscope  display  as  described  in  Section  III.B  above, 
the  effective  photodiode  array  width  could  be  calculated. 
For  example,  on  Figure  4.1  for  an  energy  of  84  MeV,  the 
(1/y)  approximation  predicts  an  emission  angle  of  6.08  mrad. 
For  a  target  stack  to  detector  distance  of  135.1  cm,  a  peak 
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to  peak  distance  of  1.64  cm  is  calculated.  In  the 
experiment,  the  peak  to  peak  spread  was  actually  5.3  units, 
so  that  one  unit  on  the  oscilloscope  display  corresponds  to 
0.31  cm.  Since  the  total  output  covers  9.6  units,  the 
effective  array  width  is  2.98  cm.  Similar  calculations  were 
made  at  various  energy  levels  and  averaged.  This  produced 
an  overall  effective  array  width  of  3.29  cm.  Using  this 
value  of  array  width,  coherent  radiation  emission  angles 
were  calculated  as  described  in  Section  III.  Results  are 
shown  in  Table  4.3. 

TABLE  4.3 
CORRECTED  EMISSION  ANGLES  USING  THE  COMPARISON  METHOD 


Electron 
Beam 
Energy 
(MeV) 

Theoretical 
Incoherent 
Emission 
Angle 
fmrad) 

Corrected 
Measured 

9r 
(mrad) 

Theoretical 

Coherent 

8 
r 
(mrad) 

% 
Diff. 
in 

-r 

96.6 

5.32 

8.33  ±  0.4 

5.44 

53.1 

94.0 

5.44 

9.98  ±  0.4 

5.30 

88.3 

84.0 

6.08 

9.25  ±  0.4 

4.59 

101.0 

78.6 

6.56 

8.98  ±  0.4 

4.19 

114.0 

Inaccuracies  in  this  method  result  from  the  large 
variance  in  peak-to-peak  distances  found  at  individual 
energies.  These  differences  are  believed  to  be  due 
primarily  to  rapid  fluctuations  in  electron  beam  intensity. 
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A  comparison  of  theoretical  emission  angles  and 
corrected  measured  values  for  both  incoherent  transition 
radiation  and  coherent  transition  is  shown  in  Table  4.4. 

TABLE  4.4 

THEORETICAL  EMISSION  ANGLES  VERSUS  CORRECTED  ANGLES 
FOR  INCOHERENT  AND  COHERENT  TRANSITION  RADIATION 


Incoherent  Radiation       Coherent  Radiation 
Electron   Emission  Angle  (mrad)     Emission  Angle  (mrad) 
Beam                                   Experimental 
Energy            Experimental  Theory   Correction  Method 
(MeV)   Theory  fl/Y)   Corrected   fFiq.  2.2) 1 2_ 


96.6 

5.32 

4.46 

5.44 

5.62 

8.33 

94.0 

5.44 

4.52 

5.30 

7.78 

9.98 

84.0 

6.08 

4.41 

4.59 

6.36 

9.25 

78.6 

6.56 

5.08 

4.19 

6.73 

8.98 

B.   ADDITIONAL  SOURCES  OF  ERROR 

In   addition   to   the   incorrect   connection   of   the 

photodiode  array,  the  following  possible  sources  of  errors 

were  noted: 

1.  The  glue  used  in  the  construction  of  the  foil  stack 
was  assumed  to  be  planar  and  of  infinitesimal 
thickness.  Given  the  small  magnitude  of  other  stack 
parameters,  the  assumption  of  infinitesimal  thickness 
may  not  be  valid.  Since  any  variation  in  glue  film 
thickness  decreases  foil  stack  coherence,  this 
assumption  must  be  modified.  The  effect  of  this  error 
source  could  be  reduced  by  increasing  the  thickness  of 
the  foil  layers  and  the  interfoil  separation  distance, 
making  variations  in  glue  film  thickness 
insignificant.  Construction  of  stacks  without  the  use 
of  glue  would  eliminate  the  problem. 
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Large  electrical  equipment  cycling  on  and  off  in  the 
immediate  vicinity  of  the  LINAC  caused  significant, 
unpredictable  fluctuations  in  the  intensity  of  the 
electron  beam.  The  gauge  used  to  read  beam  intensity 
provides  a  time  averaged  value.  Therefore  it  does  not 
accurately  indicate  beam  intensity  during 
fluctuations.  The  instability  of  the  beam  was 
reflected  on  the  oscilloscope  display  of  emission 
patterns  in  the  form  of  inconsistent  peak  heights  and 
emission  angles  for  outputs  at  supposedly  equal  beam 
energies. 

The  LINAC  electron  gun  went  out  of  commission  shortly 
after  completion  of  this  experiment.  If  the  electron 
pulse  magnitudes  were  not  stable  due  to  the  failing 
gun  during  the  experiment,  the  emission  patterns 
outputted  would  again  be  affected  without  any 
indication  on  the  electron  beam  intensity  gauge. 


31 


V.   CONCLUSIONS 

A.  CONCLUSIONS 

Coherent  and  incoherent  transition  radiation  has  been 
measured.  Direct  comparisons  of  the  emission  patterns  for 
coherent  transition  radiation  and  incoherent  transition 
radiation  clearly  show  a  larger  emission  angle  for  coherent 
radiation  (Table  4.4).  The  increased  magnitudes  of  coherent 
radiation  emission  angles  allow  the  possibility  of  using 
coherent  transition  radiation  for  particle  beam  measurements 
at  higher  energies  than  possible  with  incoherent  radiation 
and  the  6  =  1/y  approximation. 

The  emission  angle  magnitudes  obtained  from  the 
experiment  do  not  match  the  theoretically  predicted  values 
for  both  coherent  and  incoherent  radiation.  The  lack  of 
agreement  is  not  fully  understood.  Possible  reasons  for  the 
differences  are  cited  in  Section  IV.  A  and  Section  IV.  B 
above.  Correcting  the  sources  of  error  should  allow 
accurate  estimates  of  initial  electron  beam  energy  from  an 
analysis  of  the  coherent  transition  radiation  emission 
patterns. 

B.  RECOMMENDATIONS  FOR  FUTURE  EXPERIMENTS 

A  new  foil  stack  with  larger  inter-foil  spacing  should 
be  constructed.  The  increased  distance  between  foils  would 
minimize  the  effect  of  varying  glue  thickness  and  other 
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small  irregularities.  This  would  also  increase  the  effect 
of  rotating  the  target  stack,  providing  an  indication  of 
emission  angle  size  changes  as  coherence  is  approached. 

The  output  of  the  electron  beam  energy  detector  should 
be  directly  referenced  to  the  radiation  emission  output.  In 
this  way,  the  emission  pattern  could  be  normalized  to  a 
constant  value,  negating  the  effect  of  beam  energy 
fluctuations. 

A  source  of  direct  cooling  to  the  photodiode  detector 
should  be  provided  to  reduce  the  increase  in  dark  current 
due  to  thermal  effects.  Without  direct  cooling,  the 
increase  in  detector  temperature  contributes  to  a  very  large 
increase  in  dark  current.  Although  this  does  not  alter  the 
emission  angle,  it  does  obscure  the  peaks  at  low  electron 
beam  energies,  restricting  the  scope  of  the  experiment. 
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APPENDIX  A 
NPS  LINEAR  ACCELERATOR 

The  linear  accelerator  at  the  Naval  Postgraduate  School 
is  used  to  study  radiation  effects  and  damage,  radiation 
characteristics  and  nuclear  structure.  The  LINAC  is  capable 
of  operating  from  approximately  15  MeV  to  120  MeV.  In  this 
experiment,  the  usable  range  of  energies  was  restricted  to  a 
range  of  about  60  MeV  to  100  MeV.  Figure  A.l  below  shows 
the  general  layout  of  the  LINAC.  The  mylar  foil  stacks  and 
the  radiation  detection  equipment  lie  on  the  dashed  line 
shown  in  the  target  area.  Large  magnets  are  used  to  deflect 
the  incident  electron  beam  away  from  the  sensitive  detector. 
Table  A.l  provides  a  list  of  specifications  for  the  LINAC 
(see  for  example  [Refs.  5,6]). 


1od  i  I  •• 


^P_9  9 


— Q= '- 


Da  I  I  ec  t  i  on    5y(lea 


feci  ii'ilot  Sec  1 1  on 


S3--D-&: 


Control  Room 


*  T«rg§t 

X        (\rtt 


ir 


V\ — 

3a  im    Clump — N  \ 


Figure  A.l   NPS  Linear  Accelerator 
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TABLE  A. 1 
LINAC  SPECIFICATIONS 

Maximum  energy  12  0  MeV 

Overall  length  ~30  ft 

Maximum  average  current  2  0  yamps 

Normal  average  current  3  yamps 

Number  of  Klystrons  3 

Klystron  peak  power  21  MW 

Klystron  frequency  2.856  GHz 

Pulse  repetition  frequency  60  Hz 

Pulse  duration  1.5  ysec 


35 


APPENDIX  B 
HAMAMATSU  LINEAR  IMAGE  SENSOR 

A  HAMAMATSU  PCD  Linear  Image  Sensor  served  as  the  x-ray 
detector  for  the  experiment.  The  sensor  is  a  self-scanning 
photodiode  array  designed  specifically  for  multichannel 
spectroscopy  [Ref .  11] .  This  was  one  of  the  first  such  uses 
of  a  HAMAMATSU  array  and  generated  much  interest  from  the 
HAMAMATSU  Corporation. 

The  array  has  512  separate  photodiodes.  By  reading  each 
photodiode 's  output  sequentially,  a  continuous  scan  of  the 
transition  radiation  cone  could  be  made.  The  output  was 
then  displayed  on  an  oscilloscope  or  on  a  computer  monitor 
(via  appropriate  software) .  Previous  experiments  similar  to 
this  at  NPS  used  a  gas  proportional  counter  detector  to 
measure  the  radiation  cone.  This  required  physically 
scanning  the  detector  through  the  cone  from  top  to  bottom,  a 
very  time  consuming  process.  The  photodiode  array  gives 
instant  measurements  of  the  cone  and  allows  immediate 
evaluation  of  adjustment  needs. 

The  diodes  are  more  sensitive  to  soft  x-rays  and  the 
amount  of  sensitivity  is  dependent  on  the  relative 
absorption  at  the  particular  energy  (see  Figure  B.l).  In 
addition  to  the  reduced  sensitivity,  high  energy  radiation 
can  damage  the  array.   The  dark  current  of  the  detector  may 
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Figure  B.l   X-ray  Absorption  Coefficient  of  Silicon 
as  a  Function  of  Wavelength  and  Photon 
Energy  [Ref.  12:p.  3] 


be  permanently  increased,  especially  in  the  regions  where 
the  incident  radiation  is  highest.  The  radiation  pattern 
can  be  "burned"  into  the  detector,  biasing  all  future 
measurements  with  the  particular  device. 

Sensitivity  is  also  affected  by  the  temperature  of  the 
detector.  Although  information  specific  to  the  HAMAMATSU 
array  was  not  available,  similar  arrays  exhibit  dark  current 
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increases  of  a  factor  of  about  two  for  every  7°C  increase  in 
temperature  [Ref.  12 :p.  5]. 
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APPENDIX  C 
TARGET  STACK  CONSTRUCTION 

Construction  of  the  coherent  stack,  the  most  complicated 
of  the  three  stacks  used,  is  discussed  here.  This  stack  was 
fabricated  by  Adelphi  Technology,  Inc.  The  stack  was 
constructed  using  eight  concentric  steel  rings.  A  mylar 
sheet  was  epoxy  bonded  to  each  ring  at  a  temperature  of 
100°C.  Due  to  the  difference  in  thermal  expansion 
coefficients  of  mylar  and  steel,  the  mylar  foils  were  placed 
in  tension  when  used  at  room  temperature.  The  smallest 
steel  ring  was  bolted  to  a  flat  steel  plate.  Remaining 
rings  were  attached  in  the  same  way  in  order  of  increasing 
size,  except  that  a  steel  shim  was  added  to  the  mating 
surfaces  each  time  to  provide  the  correct  separation 
distance  (see  Figure  C.l).  Each  stack  had  a  nominal  total 
foil  thickness  of  3.56  ym.  In  the  coherent  stack,  each 
mylar  foil  was  separated  by  8.5  ym.  The  separation  of  foils 
in  the  incoherent  stack  was  random. 
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Figure  C.l   Schematic  Drawing  of  the  Shimmed  Concentric 
Ring  Foil  Stack.   Shims  are  Used  to 
Determine  the  Foil  Spacing  [Ref.  9:p.  22]. 
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APPENDIX  D 
COMPUTER  SIMULATION 

The  transition  radiation  simulation  program  solves  for 
photon  intensity  per  unit  solid  angle  per  unit  frequency. 
The  program  is  based  on  equation  (3)  using  the  development 
described  in  Chapter  II.   Variables  in  the  program  include: 

co      photon  frequency; 

0      lower  limit  set  at  zero,  upper  limit  inputted; 

1^,12   interfoil  spacing  distance,  foil  thickness; 
varied  by  inputting  various  electron  beam 
energies; 

co      plasma  frequency. 

The  photon  frequency  was  inputted  in  terms  of  energy.  In 
order  to  obtain  useful  data  to  compare  with  experimental 
results,  a  range  of  energies  was  required.  A  range  of 
energies  from  0.1  keV  to  4.0  keV  in  steps  of  0.1  keV  was 
specified.  This  range  bracketed  the  soft  x-ray  range 
desired. 

The  actual  radiation  pattern  includes  contributions  from 
various  modes.  To  account  for  this,  the  program  "sums"  over 
a  range  of  mode  numbers.  The  range  was  determined  using 
equation  (10)  in  Chapter  II: 


1   +  1 

cos  e    =   ± ^ (i/3  -rA/(l,+l  )  )  , 

r  x   z 

ix/iY  +  i2/q 

41 


where  r  is  the  mode  number.  One  limit  is  set  on  the  range 
of  r  by  setting  er  =  0  and  solving  for  r;  the  upper  limit  is 
set  by  inputting  a  maximum  0r  and  again  solving  for  r.  This 
limit  is  set  (using  experience  with  the  program)  to  ensure 
the  primary  cone  is  within  the  range  chosen. 

The  interfoil  spacing  and  foil  thickness  were  set  equal 
to  8.5  microns  and  3.5  microns,  respectively.  These  values 
equal  the  actual  values  of  the  parameters  on  the  coherent 
stack. 

Electron  beam  energies  were  varied  from  50  MeV  to  120 
MeV. 

The  plasma  frequency  was  set  in  terms  of  energy  and 
assumed  to  be  equal  to  24.1  eV.  This  value  was  determined 
from  the  equation 


Wi 


=   3.72*10~1:L(  (A*N0*p)/Z)  V2  f 


where  A  is  the  atomic  number  of  the  material,  N0  is 
Avagadro '  s  number,  p  is  the  density,  and  Z  is  the  atomic 
weight.  The  program  assumed  all  values  for  mylar  were  equal 
to  the  values  for  elemental  carbon. 
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